Introduction {#S0001}
============

Treatment with immune checkpoint inhibitors confers promising new therapy options for patients with advanced urothelial carcinoma (UC). Targeting the immune receptor programmed death-1 (PD-1) or its ligand programmed death-ligand 1 (PD-L1) by therapeutic antibodies blocks the inhibitory signaling in T cells, which is mediated by the PD-1/PD-L1 interaction.^[1](#CIT0001)^ PD-1/PD-L1 inhibitors proved to be effective in patients with metastatic UC which recently led to clinical approval of different antibodies in first- and second-line treatment.^[1](#CIT0001)-[3](#CIT0003)^ However, predicting response to therapy still remains a challenge.^[2](#CIT0002)^ In this regard, the clinical value of PD-L1 expression of tumor cells and tumor-infiltrating leukocytes (TILs) as predictive biomarkers have been extensively discussed before.^[1](#CIT0001)^ Yet, neither the choice of diagnostic antibodies, the relevant cell population (tumor cells or TILs), nor cutoff-values for positivity have been harmonized for UC so far.^[3](#CIT0003),[4](#CIT0004)^ Moreover, heterogeneity and dynamic changes of PD-L1 expression in the tumor microenvironment can be observed.^[5](#CIT0005),[6](#CIT0006)^ PD-L1 can be regulated by a variety of signaling networks^[7](#CIT0007),[8](#CIT0008)^ and can also be induced upon the secretion of cytokines such as IFNγ by immune cells.^[9](#CIT0009),[10](#CIT0010)^ Furthermore, PD-L1 expression may vary between primary tumors and metastases.^[11](#CIT0011)^ Therefore, circulating tumor cells (CTCs) hold great potential to function as surrogate reflecting the actual heterogeneity of the tumor cell population.^[12](#CIT0012),[13](#CIT0013)^ Notably, the presence of CTCs in peripheral blood of UC patients was shown to be of prognostic relevance.^[14](#CIT0014),[15](#CIT0015)^ Using the CellSearch® system, CTCs can be further characterized by the expression of therapeutically relevant targets (e.g. HER2 or EGFR).^[14](#CIT0014),[16](#CIT0016)^ Here, cells presenting with epithelial features are detected. For dissemination, however, tumor cells might potentially have undergone a process called epithelial-to-mesenchymal transition (EMT),^[17](#CIT0017)-[19](#CIT0019)^ during which they might downregulate or upregulate epithelial (e.g. EpCAM, keratins) or mesenchymal proteins (e.g. vimentin), respectively.^[18](#CIT0018)^ Gene expression analyses of tumor tissues suggested that detection of EMT markers might correlate with PD-L1 expression throughout various carcinoma entities.^[20](#CIT0020)^ Furthermore, PD-L1 expression was attributed to worse prognosis of UC.^[21](#CIT0021),[22](#CIT0022)^

Regarding the current clinical challenges, PD-L1 expression on CTCs of metastatic UC patients holds promise to function as a predictive biomarker for PD-1/PD-L1 inhibition, potentially complementing or replacing PD-L1 detection on tumor cells and/or TILs in tumor tissue. Due to the minimal invasiveness of liquid biopsies on peripheral blood, longitudinal analyses might furthermore allow for monitoring therapy response.^[23](#CIT0023)^ In this study, we established a CellSearch®-based assay for evaluation of PD-L1 expression on CTCs of UC patients and applied it to patients with advanced stage UC. In addition, we evaluated the vimentin expression of CTCs using the CellSearch®-system to assess EMT-indicating features.

Results {#S0002}
=======

Determination of PD-L1 expression in UC cell lines {#S0002-S2001}
--------------------------------------------------

Prior to developing an assay for PD-L1 detection in the CellSearch® system, the detection of PD-L1 expression by standard immunological methods was established using a panel of UC cell lines. The goal was to demonstrate antibody specificity and to perform PD-L1 detection on individual UC cells by a flow cytometric method and additionally in a background of blood cells.

First, PD-L1 expression of five UC cell lines was determined by Western blot analysis and compared to that of the breast adenocarcinoma cell line MDA-MB-231 with known PD-L1 expression^[24](#CIT0024),[25](#CIT0025)^ ([Figure 1a](#F0001)). Using the antibody clone E1L3N®, PD-L1 expression was detected in 647V, 5637, T24, TCC-SUP and MDA-MB-231 cells, whereas RT-4 cells were PD-L1-negative. Specificity of the anti-PD-L1 antibody was confirmed by increased signal intensity following retroviral overexpression of the PD-L1 gene in 5637 cells ([Figure 1b](#F0001)). Moreover, the cell lines were analyzed for the expression of the proteins CTC enrichment and detection during CellSearch® analysis is based on (EpCAM for cell capture; keratin for detection; vimentin as a custom marker indicating mesenchymal-like features) ([Figure 1a](#F0001)). In this regard, strong EpCAM and keratin expression were found in RT-4, 647V, and 5637 cells, which indicated epithelial properties. In contrast, T24, TCC-SUP, and MDA-MB-231 cells were characterized by absent or low EpCAM and keratin expression. Vimentin expression in T24 and MDA-MB-231 cells further supported the presence of mesenchymal-like characteristics, while vimentin-positivity in 5637 cells rather suggested the presence of an epithelial/mesenchymal (EM)-intermediate or hybrid phenotype ([Figure 1a](#F0001)). Importantly, strong PD-L1 expression can be detected both in epithelial as well as mesenchymal-like cell lines. However, PD-L1 expression was detected in all analyzed more basal cell lines but in none of the two analyzed cell lines defined as more luminal (Suppl. Figure 1).^[26](#CIT0026)^10.1080/2162402X.2020.1738798-F0001Figure 1.Characterization of the anti-PD-L1 antibody clone E1L3N®. (a) Western blot analysis of PD-L1, EpCAM, pan-keratin and vimentin expression in UC cell lines (RT-4, 647V, 5637, T24, and TCC-SUP) and in the breast cancer cell line MDA-MB-231. Protein loading control: HSC70 (Heat shock cognate 71 kDa protein). The bar chart indicates EMT scores according to Tan *et al*. ^[27](#CIT0027)^ (b) Specificity of the anti-PD-L1 antibody was confirmed by Western blot analysis of 5637 cells with the retroviral transfer of the *CD274* gene encoding for PD-L1 or the empty vector (EV). Protein loading control: HSC70. (c) FACS (fluorescence activated cell sorting) analysis of PD-L1 expression in UC cell lines (RT-4, 647V, 5637, T24, and TCC-SUP). Cells were stained with the PE-conjugated anti-PD-L1 antibody clone E1L3N® (blue) in comparison to the respective isotype control clone DA1E (gray). Mean fluorescence intensities (MFI) were determined. (d) IF (immunofluorescence) analysis of PD-L1 expression in UC cell line cells (RT-4: PD-L1-negative, 647V: PD-L1-positive). Cells were spiked into whole blood from healthy donors prior to centrifugation. PD-L1 protein was detected by the PE-conjugated anti-PD-L1 antibody clone E1L3N®. The cells were additionally stained with the AlexaFluor488 (AF488)-conjugated anti-keratin antibodies (clones AE1/AE3 and C11) and the APC-conjugated anti-CD45 (clone REA747) antibody. Nuclei were stained by DAPI (4',6-Diamidin-2-phenylindol).

Furthermore, to better reflect cells circulating in the blood, the flow cytometric detection of PD-L1 expression on individual cells in suspension was established using the same antibody clone in FACS analysis. While staining with AlexaFluor488 (AF488)-conjugated anti-PD-L1 antibody did not result in good discrimination of PD-L1-negative, -moderately and -strongly positive cell lines (Suppl. Figure 2), staining with the PE-conjugated antibody ([Figure 1c](#F0001)) confirmed the PD-L1 expression patterns determined by Western blot analysis ([Figure 1a](#F0001)).

In order to allow for *in situ* visualization of PD-L1-specific signals on individual tumor cells, IF analysis was established using PD-L1-negative (RT-4) and PD-L1-positive cell line (647V) cells spiked into the blood of healthy donors. Identification of tumor cells in a background of blood cells was performed by immunostaining of keratins and CD45. PD-L1 expression was simultaneously detected by applying the PE-conjugated PD-L1 antibody ([Figure 1d](#F0001)). This multiplex IF analysis enabled discrimination of tumor cells (keratin+/CD45-) from leukocytes (keratin-/CD45+). As expected, PD-L1 expression was absent in RT-4 cells but strongly detectable in 647V cells and additionally present in a subpopulation of leukocytes. Also, different intensities of PD-L1 expression could be discriminated by immunofluorescence (Suppl. Figure 3).

Detection of PD-L1 expression on UC cells in blood using the CellSearch® system {#S0002-S2002}
-------------------------------------------------------------------------------

After demonstrating the feasibility to detect PD-L1 expression on individual UC cells by IF, it was assumed that PD-L1 expression was also detectable on CTCs using the CellSearch® system.

In the first step, PD-L1 expression was detected using the CellSearch® CTC kit, which allows for detection of CTCs by PE-conjugated pan-keratin antibody. Therefore, one additional antigen can be detected in the fourth fluorescence channel by AF488 or fluorescein (FLU)-labeled antibodies. The AF488-conjugated anti-PD-L1 antibody (E1L3N®) was applied as recommended by the manufacturer for the use in flow cytometric methods. In agreement with the results of FACS analysis (Suppl. Figure 2), PD-L1 detection by the AF488-conjugate showed just a narrow range of signal intensities between PD-L1-negative RT-4 cells and PD-L1-positive 647V cells (Suppl. Figure 4).

Therefore, in the next step, the CellSearch® CXC kit was evaluated for its applicability to detect PD-L1 expression on CTCs. Following the idea to pair the dimmer antigen (lower expression) with the brighter fluorochrome, in this kit the additional antigen (e.g. PD-L1) was detected by PE and keratin expression was detected by FLU. Indeed, analyzing PD-L1 expression using the PE-conjugated antibody allowed for a broader range of fluorescence intensity when comparing PD-L1-negative RT-4 cells with strongly PD-L1-positive 647V cells ([Figure 2a,b](#F0002)). PD-L1-specific fluorescence of 647V cells was slightly stronger when images were acquired with an exposition time of 1.6 sec instead of 0.8 sec, so that the prolonged exposition time was included into the protocol.10.1080/2162402X.2020.1738798-F0002Figure 2.CellSearch® CXC kit analysis of UC cells spiked into the blood from healthy donors. Cells were enriched by anti-EpCAM magnetic beads using the CXC kit. Keratin+ (KER-FLU), CD45- (CD45-APC), DAPI+ cells were identified as tumor cells. (a) PD-L1 expression of RT-4 cells and (b) 647V cells were detected by the PE-conjugated anti-PD-L1 antibody clone E1L3N® (PD-L1-PE, right panel) in comparison to the isotype control clone DA1E (isotype-PE, left panel). Images of PD-L1-specific fluorescent signals were generated using the indicated exposure time. Furthermore, PD-L1 expression of (c) 5637, (d) T24 and (e) TCC-SUP cells were detected by the PE-conjugated anti-PD-L1 antibody clone E1L3N® (PD-L1-PE) using an exposure time of 1.6 sec. Identification of TCC-SUP cells was performed by manually evaluating fluorescent signals of stained cells in the CellSelect mode because of the low keratin expression impeding automatic selection. (f) TCC-SUP identity of the reported cells was confirmed by single-cell mutational analysis of the *PIK3CA* gene exon 9. Representative sequencing results showed a heterozygous mutation (G1633A) previously reported by Platt *et al*. ^[28](#CIT0028)^ that was detected in a recovered single TCC-SUP cell but was absent in a leukocyte.

It was furthermore observed that RT-4 cells produced weak but detectable signals both when applying the isotype control or the anti-PD-L1 antibody E1L3N®, probably because of particularly high autofluorescence. Analysis of these cells with the CXC kit without applying any PE-conjugated antibody revealed a certain degree of intrinsic fluorescence of this cell line, which increased with exposure time (Suppl. Figure 5), thereby impeding discrimination of very weak PD-L1-specific immunostaining from background staining.

PD-L1 analysis of the UC cell lines 5637, T24 and TCC-SUP in the CellSearch® system ([Figure 2c](#F0002)--e) also corresponded to the appropriate PD-L1 expression patterns determined by Western blot analysis ([Figure 1a](#F0001)) and FACS ([Figure 1c](#F0001)). In summary, the established CellSearch® CXC kit assay allowed for reliable discrimination of UC cells with different PD-L1 expression levels.

These spiking experiments furthermore demonstrated that even subsets of mesenchymal-like cells could be detected by CellSearch® analysis. In the first step, anti-EpCAM antibodies coupled to ferrofluid are used for the enrichment of the cells. Of notice, despite undetectable EpCAM expression in T24 and TCC-SUP cells in Western blots and IF analysis ([Figure 1a](#F0001) and Suppl. Figure 6), even such low levels of EpCAM were still sufficient to enrich at least part of the tumor cells spiked into the blood of healthy donors. In the next step of CellSearch® analysis, tumor cells are identified among the enriched cells by expression of keratins. Even the weak keratin expression ([Figure 1a](#F0001)) still facilitated the automatic preselection of a small percentage of T24 cells (about 4% \[20/500\]) by the CellTracks® Analyzer II ([Figure 2d](#F0002)). Since TCC-SUP cells did not show keratin expression ([Figure 1a](#F0001)), there were no cells preselected automatically. However, evaluation of PE fluorescence in the CellSelect mode revealed the presence of PD-L1-positive, CD45-negative, keratin-negative or -weakly positive cells ([Figure 2e](#F0002)). To evaluate their origin in TCC-SUP, individual cells were recovered from the cartridge using the DEPArray^TM^. Detection of the previously described *PIK3CA* exon 9 hotspot mutation G1633A (E545K)^[28](#CIT0028)^ in putative TCC-SUP cells but not in leukocytes recovered from the same cartridge confirmed their identity ([Figure 2f](#F0002)). Finally, applying the established CellSearch® PD-L1 assay to blood samples of patients with metastatic UC, CTCs with different levels of PD-L1 expression could be detected and categorized into negative (0), weakly positive (1+), moderately (2+) and strongly positive (3+) ([Figure 3a](#F0003)).10.1080/2162402X.2020.1738798-F0003Figure 3.Determination of PD-L1 expression on CTCs. (a) CellSearch® analysis of CTCs detected in the blood of an advanced UC patient. Cells were enriched by anti-EpCAM magnetic beads using the CXC kit. Keratin+ (KER-FLU), CD45- (CD45-APC), DAPI+ cells were identified as tumor cells. PD-L1 expression of individual CTCs was detected by the PE-conjugated anti-PD-L1 antibody clone E1L3N® (PD-L1-PE) and categorized into negative (0), weakly positive (1+), moderately positive (2+) and strongly positive (3+). Images of PD-L1-specific fluorescent signals were generated using an exposure time of 1.6 sec. (b) IF analysis of simultaneous binding of the therapeutic anti-PD-L1 antibody atezolizumab and the diagnostic anti-PD-L1 antibody E1L3N® to PD-L1 on tumor cells. PD-L1-negative RT-4 cells and PD-L1-positive 647V cells were spun onto glass slides and incubated in the presence of 1.2 µg/mL atezolizumab, which was detected by AlexaFluor488-labeled secondary antibody (AF488). Cells were additionally incubated with PE-conjugated anti-PD-L1 antibody. Nuclei were stained by DAPI. (c) Detection of atezolizumab in human blood samples. PD-L1-negative RT-4 cells and PD-L1-positive 647V cells spiked into the blood from healthy donors were spun onto glass slides and incubated in presence of 1.2 µg/mL atezolizumab, which was detected by anti-atezolizumab antibody and AF546-labeled secondary anti-mouse antibody. Mouse IgG served as an isotype control to anti-atezolizumab antibody. Keratins, CD45, and nuclei were stained by manually applying reagents of the CellSearch® CXC kit.

In order to demonstrate that PD-L1 detection on CTCs of patients receiving anti-PD-L1 therapy is not compromised by competition of the therapeutic (atezolizumab) and the diagnostic antibody (E1L3N®), simultaneous interaction of both antibodies with PD-L1-positive tumor cells was shown using IF analysis ([Figure 3b](#F0003)). Incubation of cells with atezolizumab, which binds to an extracellular epitope of PD-L1, did not impede the subsequent binding of E1L3N® to its intracellular epitope. Here, atezolizumab was detected via an anti-human secondary antibody. Alternatively, atezolizumab could be detected by an anti-atezolizumab mouse antibody with subsequent binding of an anti-mouse secondary antibody ([Figure 3c](#F0003)). The latter approach allowed for the detection of atezolizumab bound to individual UC cells and non-tumoral cells in human blood samples.

Detection of vimentin expression on UC cells in blood using the CellSearch® system {#S0002-S2003}
----------------------------------------------------------------------------------

To detect EM-hybrid CTCs, a CellSearch® vimentin assay was applied. Using an AF488-conjugated anti-vimentin antibody, the detected levels of vimentin expression in UC and breast cancer cell line cells spiked into blood from healthy donors ([Figure 4a](#F0004)) correlated with those determined by Western blot analysis ([Figure 1a](#F0001)).10.1080/2162402X.2020.1738798-F0004Figure 4.CellSearch® CTC kit analysis of vimentin expression. Cells were enriched by anti-EpCAM magnetic beads using the CTC kit. Keratin+ (KER-PE), CD45- (CD45-APC), DAPI+ cells were identified as tumor cells. Vimentin expression of (a) RT-4, 5637 and MDA-MB-231 cells and of (b) CTCs detected in the blood of advanced UC patients was analyzed by the AlexaFluor488-conjugated anti-vimentin antibody clone V9 (VIM-AF488). Images of vimentin-specific fluorescent signals were generated using an exposure time of 0.8 sec. Vimentin expression of individual CTCs was categorized into negative (0), weakly positive (1+) and moderately positive (2+).

Vimentin expression could be detected in CTCs isolated from patients with advanced UC and categorized into negative (0), weakly (1+) and moderately positive (2+) ([Figure 4b](#F0004)). There was no CTC with strong vimentin expression (3+) among the cells analyzed throughout this study.

Detection of CTCs in blood samples of UC patients {#S0002-S2004}
-------------------------------------------------

Blood samples collected from 49 patients with advanced UC (Suppl. Table 1) were analyzed in the CellSearch® system applying either the CTC kit and/or the CXC kit. Follow-up samples could be obtained from eight patients, resulting in a total sample number of 57. Since higher CTC detection rates were expected with the CTC than with the CXC kit, one of the two corresponding blood tubes was first analyzed with the CTC kit (n = 41). Only if CTCs were present, the second tube was analyzed using the CXC kit including PD-L1 detection. However, if blood volume was limited, samples were directly analyzed using the CXC kit (n = 16) for PD-L1 expression (Suppl. Figure 7).

By CTC kit analysis, ≥1 and ≥5 CTC/7.5 mL blood were identified in 22 of 41 (53.7%) and in 12 of 41 samples (29.3%), respectively. When combining both kits, 27 of 57 samples (47.4%) and 14 of 57 samples (24.6%) contained ≥1 and ≥5 CTCs/7.5 mL blood, respectively. Detected CTC counts varied from 0 to 400 (CTC kit) and 0 to 275 (CXC kit) ([Table 1](#T0001)). In 12 matched samples analyzed by both kits (Suppl. Table 2), absolute CTC counts were in the majority of cases higher when using the CTC kit. However, the observed differences in CTC detection were acceptable in favor of improved sensitivity of PD-L1 detection by the CXC kit.10.1080/2162402X.2020.1738798-T0001Table 1.CellSearch® analyses of blood samples from patients with advanced UC. Number of samples≥1 CTC/7.5 mL blood (%)\>1 CTCs/7.5 mL blood (%)≥5 CTCs/7.5 mL blood (%)RangeCTC-positive\
(CTC kit)41\*22 (53.7)15 (36.6)12 (29.3)0 -- 400CTC-positive\
(CTC and/or CXC kit)57\*\*27 (47.4)18 (31.6)14 (24.6)0 -- 400\
(CTC kit)\
0--275\
(CXC kit)[^1][^2]

The median follow-up time of UC patients (n = 49) after first blood draw was 99 days (range 0 to 837). At first sample collection, three patients presented with locally advanced disease (LA), 18 patients had positive lymph node (LN) status without evidence of distant metastasis and 28 patients showed clinically proven distant metastasis (DM). Survival analyses revealed significant prognostic differences between these three categories (Suppl. Figure 8, *p* = .012). Furthermore, CTC kit analysis of 41 samples derived from 34 patients confirmed that presence of CTCs across all samples (first and second blood draw) was associated with worse overall survival (Suppl. Figure 9a-c, cutoff ≥1, \>1 and ≥5 CTCs/7.5 mL blood, *p* = .029, *p* \< .000 and *p* = .006, respectively). A similar association was observed in 57 samples derived from 49 patients when combining the results obtained by CTC and CXC kit and applying a cutoff of \>1 or ≥5 CTCs/7.5 mL blood (Suppl. Figure 9d-f, cutoff ≥1, \>1 and ≥5 CTCs/7.5 mL blood, *p* = .160, *p* = .003 and *p* = .007, respectively).

Evaluation of PD-L1 and vimentin expression on CTCs detected in blood samples of UC patients {#S0002-S2005}
--------------------------------------------------------------------------------------------

Sixteen CTC-positive samples derived from 14 patients (Suppl. Table 1, Suppl. Figure 7) were further analyzed for PD-L1 expression of CTCs. PD-L1-specific signals of any intensity (1+/2+/3+) and medium to high intensity (2+/3+) on ≥1 CTC could be detected in 10 of 16 (62.5%) and 4 of 16 samples (25.0%), respectively ([Table 2](#T0002)). Despite low sample numbers and heterogeneity of clinical characteristics of the patients, an association of CTC-PD-L1 expression with worse prognosis could be observed for patients with ≥1 CTC with moderate or strong PD-L1 expression (2+/3+) ([Figure 5a](#F0005), *p* = .008).10.1080/2162402X.2020.1738798-T0002Table 2.Single cell-based evaluation of PD-L1 expression on CTCs from patients with advanced UC.Patient number (sample)Number of CTCs/7.5 mL bloodPD-L1+ CTCs (%)PD-L11+ CTCsPD-L1 2+ CTCsPD-L1 3+ CTCs1105 (50.0)4-121055 (4.8)41-3 (1)91 (11.1)1\--3 (2)4518 (40.0)1044427526 (9.5)13855103 (30.0)3\--64211 (26.2)11\--7471 (2.1)1\--831 (33.3)1\--9202 (10.0)2\--1020\-\--11 (1)10\-\--11 (2)10\-\--1210\-\--1360\-\--1430\-\-- 10.1080/2162402X.2020.1738798-F0005Figure 5.Disease courses and clinical outcome of patients with advanced UC in relation to CTC-PD-L1 expression. (a) Kaplan-Meier plot and Log Rank test for overall survival of UC patients according to CTC-PD-L1 expression (0/1+ compared to 2+/3+) of CTC-positive samples using the CXC kit. Values of *p* \< .05 were considered statistically significant. (b, c) Disease courses of two individual patients with metastatic UC who progressed under ICI (immune checkpoint inhibition) (B, pretreated; C, first-line) and (d) one patient who responded to ICI (pretreated) accompanied by CTC numbers as well as CTC-vimentin (VIM) and CTC-PD-L1 expression levels analyzed using the CellSearch® system. For each sample (1 and 2), metastatic sites are indicated. CTC analyses were performed using the CTC kit and/or the CXC kit (A and B, respectively, with N/A indicating that the analysis was not applied). Time spans between samples and maximum follow-up times as well as survival information are given. Arrows depict the duration of ICI therapy in relation to the acquisition of samples.

Intra-patient heterogeneity was observed for CTC-PD-L1 expression. The range of PD-L1-positive CTCs per sample varied from 0% to 50%. For patient \#4, PD-L1 expression of the CTCs (from 0 to 3+) could be compared to matched tissue of the primary tumor analyzed by immunohistochemistry (Suppl. Figure 10a,b). Interestingly, here the tumor cells revealed to be PD-L1-negative while some stromal cells were PD-L1-positive.

Vimentin expression of CTCs could be detected in 4 of 17 CTC-positive samples (23.5%, range 0--1) derived from 15 patients (Suppl. Figure 7). Precisely, only four of 258 of analyzed CTCs (1.6%) exhibited weak to moderate vimentin expression. Parallel analysis of PD-L1 and vimentin expression of CTCs could be performed in eight matched blood samples (Suppl. Tab. 3). Three of these CTC-positive samples contained PD-L1-positive, but no vimentin-positive CTCs.

The disease courses of three individual patients receiving ICI therapy followed-up by the acquisition of a second blood sample are shown in [Figure 5b](#F0005)--d. One patient with pretreated metastatic UC presented with nine CTCs at the beginning of ICI therapy, with one of the CTCs being PD-L1 1+. After three cycles of treatment with atezolizumab, the follow-up sample contained 45 CTCs, with ten and eight of them being PD-L1 1+ and PD-L1 2+/3+, respectively ([Figure 5b](#F0005); [Table 2](#T0002), patient \#3). The observed increase both in CTC counts as well as in the intensity of CTC-PD-L1 expression was accompanied by disease progression. The patient died within 1 week after the second blood draw.

A second patient with lymph node-positive UC who received first-line treatment with the anti-PD-1 antibody pembrolizumab also showed progressive disease along with substantially increasing CTC numbers and CTC-PD-L1 expression (1+) ([Figure 5c](#F0005)). ICI was discontinued at the manifestation of a liver metastasis and the patient was scheduled for subsequent chemotherapy. The blood samples were taken before and after immunotherapy.

A third patient with pretreated, lymph node-positive UC showed low numbers of CTCs and weak vimentin and weak PD-L1 expression before initiation of pembrolizumab therapy ([Figure 5d](#F0005)). The patient responded to ICI and size regression of the lymph node metastasis was reported. No CTCs were detected in a follow-up blood sample after six cycles of pembrolizumab. The treatment was continued.

Discussion {#S0003}
==========

Liquid biopsies hold great potential to provide reliable biomarkers for predicting and monitoring response to therapies with immune checkpoint inhibitors (ICI). Therefore, the goal of this study was to establish a robust assay for the detection of PD-L1 expression on CTCs and to demonstrate its applicability for patients with advanced urothelial carcinoma (UC).

The PD-L1 assay was established based on the CellSearch® platform using the CXC kit. This guaranteed good discrimination of cells with different levels of PD-L1 expression by applying the PE-labeled anti-PD-L1 antibody E1L3N®. In comparison to the CTC kit, the CXC kit potentially identifies lower absolute numbers of CTCs; however, absence of substantial differences in CTC detection justified the use of the CXC kit in favor of a more sensitive PD-L1 detection. Furthermore, it could be demonstrated in vitro that the therapeutic anti-PD-L1 antibody atezolizumab does not compete with E1L3N® for binding to PD-L1 and therefore its potential presence in vivo during therapy is not expected to hamper specific detection of CTC-PD-L1 expression by our assay.

The CellSearch® system is the state of the art technique for CTC analysis and so far the only device that achieved clearance by the Food and Drug Administration (FDA) for metastatic breast, prostate and colorectal cancer.^[29](#CIT0029)^ Importantly, using the CellSearch® system, the presence of CTCs was shown to have prognostic relevance for non-metastatic UC patients.^[14](#CIT0014),[15](#CIT0015),[30](#CIT0030)^

The established CellSearch® assay was applied to a cohort of 49 patients with advanced or metastatic UC. To the best of our knowledge, this is the largest study on CTC detection in this tumor entity in the metastatic setting using the CellSearch® system. Although to date there is still few data on CTC enumeration in metastatic UC, our results are in line with findings of earlier studies on small patient cohorts analyzed by the CellSearch® system.^[31](#CIT0031)-[35](#CIT0035)^ In our study, CTC detection was prognostically relevant for overall survival (OS) in the heterogeneous patient cohort despite administration of different therapies.

Still, a considerable number of patients with advanced UC is lacking proof of CTCs. A possible explanation is the technical inability of the CellSearch® system to detect CTCs with complete loss of epithelial-specific proteins such as EpCAM and keratin.^[36](#CIT0036)^ For detection of these cells, label-independent CTC capture methods (e.g. the Parsortix^TM^ system or filtration-based methods) or fluorescence in situ hybridization to identify genomic aberrations might provide promising alternatives.^[37](#CIT0037)^ However, in the present study, it was observed that even a portion of cells with very low EpCAM and keratin expression (e.g. UC cell lines T24 and TCC-SUP) can still be enriched and detected using the CellSearch® system. Regarding EMT in CTCs, we sought to evaluate the percentage of CTCs displaying an EM-hybrid phenotype by applying an assay for detection of vimentin expression of CTCs in the CellSearch® system. Interestingly, Jolly et al. proposed that the partial EMT state might be rather stable and furthermore associated with tumor progression.^[38](#CIT0038)^ Western blot analysis of UC cell lines revealed epithelial and mesenchymal-like characteristics. A generic EMT score established by Tan et al. confirms this phenotypical heterogeneity of UC cell lines and, importantly, also of UC tumors, attesting a good representation of the UC tumor landscape by the cell lines.^[27](#CIT0027)^ Surprisingly, vimentin-positive CTCs were only observed in four of 15 CTC-positive patients and only ata very low percentage. Higher numbers of vimentin-positive CTCs were detected by the CellSearch® system in patients with non-small cell lung cancer (NSCLC)^[39](#CIT0039)^ and also in patients with prostate carcinoma, where the presence of these cells was found to be associated with worse OS.^[40](#CIT0040)^ Thus, analysis of other EMT markers could provide more information about an EM-hybrid phenotype of CTCs in UC patients.

Determining the PD-L1 expression of CTCs was feasible in 16 CTC-positive blood samples derived from 14 patients. In 10 of these samples (62.5%), ≥1 PD-L1-positive CTC could be detected and PD-L1 expression of CTCs was characterized by intra-patient heterogeneity. As in general the portion of PD-L1-positive CTCs was substantially higher in comparison to vimentin-positive CTCs, it might be assumed that the majority of PD-L1-positive CTCs were negative for vimentin. This could be further substantiated by the direct comparison of matched blood samples, which suggests that CTC-PD-L1 expression was present in samples with absence of CTC-vimentin expression. Taken together with the Western blot analyses, our results imply that CTC-PD-L1 expression in UC patients might be not necessarily associated with the expression of EMT-indicating proteins, as suggested for NSCLC.^[41](#CIT0041)^ Instead, our cell line experiments indicated frequent PD-L1 expression in the aggressive basal subtype of UC whereas cells of the luminal subtype were PD-L1-negative. Concordantly, by IHC staining of 196 UC tumor tissues the basal subtype was linked to a 'hot' immunophenotype showing abundance of cytotoxic T cells and elevated expression of immune-inhibitory molecules such as PD-L1.^[42](#CIT0042)^ Moreover, by mRNA expression clustering of 412 muscle-invasive bladder cancers (TCGA cohort) Robertson et al. reported low PD-L1 expression in luminal tumors, medium expression of PD-L1 in a subgroup with increased EMT marker expression ('luminal-infiltrated') and high PD-L1 expression as well as signs of immune infiltration in tumors of the basal subtype.^[43](#CIT0043)^ Importantly, the anti-keratin antibody cocktail applied in CellSearch® analysis detects keratins characteristic for the luminal as well as for the basal subtype.

In the present study, intra- and inter-patient heterogeneity of CTC-PD-L1 expression was observed, which had also been reported by earlier studies on UC,^[44](#CIT0044)^ breast carcinoma,^[45](#CIT0045)^ and NSCLC^[46](#CIT0046),[47](#CIT0047)^ patients. Anantharaman et al. displayed PD-L1 protein expression on CTCs of metastatic UC patients using the antibody clone E1L3N® in the Epic Sciences CTC platform. However, the cohort size was too small to derive clinical value.^[44](#CIT0044)^ Our study is the first to use the CellSearch® system to evaluate CTC-PD-L1 expression in patients with advanced UC. As shown for one UC patient, the detection of PD-L1-negative primary tumor cells, but also PD-L1-positive CTCs in the metastatic situation suggests that CTCs might provide additional information about tumor cell heterogeneity gained during tumor progression. In spite of the small sample size for CTC-PD-L1 evaluation (n = 16), the patients with PD-L1-expressing (2+/3+) CTCs were observed to have a shorter OS compared to those with only PD-L1-negative or weakly positive (0/1+) CTCs (*p* = .008). This result is in line with the studies of Boorjian et al. and Nakanishi et al. who reported a worse prognosis for UC patients showing PD-L1 expression in tumor cells^[21](#CIT0021),[22](#CIT0022)^ and is additionally reflected by a tendency of UC patients with PD-L1+ CTCs toward worse OS observed by Anantharaman et al.^[44](#CIT0044)^ It can be assumed that, regardless of the administered therapy, PD-L1 expression confers a survival advantage for CTCs by facilitating immune escape during circulation of the tumor cells in the blood which finally might promote initiation of metastasis.^[48](#CIT0048)^ With respect to ICI, in our study progressive disease under therapy might potentially be associated with an increased percentage of PD-L1-positive CTCs as also was shown for NSCLC patients.^[46](#CIT0046),[47](#CIT0047)^ Noteworthy, while evaluation of PD-L1 expression on tumor tissue is performed on tumor cells and/or TILs, depending on the respective diagnostic test, our assay does not inform on PD-L1 expression on circulating immune cells. The interesting but preliminary findings of this study need to be validated in a larger cohort of UC patients uniformly treated by ICI in prospective trials. In conclusion, we established a robust CellSearch®-based assay for PD-L1 detection on CTCs readily available for clinical applications. Our results demonstrate the potential of CTC-PD-L1 expression to be implemented in monitoring response to ICI therapies.

Materials and methods {#S0004}
=====================

Tumor cell lines {#S0004-S2001}
----------------

The human UC cell lines RT-4, RT-112, 647V, T24, TCC-SUP, and the human breast adenocarcinoma cell line MDA-MB-231 were grown in DMEM at 37°C and 10% CO~2~ as described elsewhere.^[49](#CIT0049)^ The human UC cell line 5637 was grown in RPMI 1640 at 37°C and 5% CO~2~. All media were supplemented with 10% (v/v) FCS (PAA Laboratories), 100 U/mL penicillin, 0.1 mg/mL streptomycin (Gibco) and 2 mM L-glutamine (PAA Laboratories). All cell lines were regularly authenticated and tested negative for mycoplasma contamination.

The UC cell lines were provided by cooperation partners (see acknowledgments for details) and the breast cancer cell line MDA-MB-231 was obtained from the Central Cell Service Unit of the Imperial Cancer Research Fund (London, United Kingdom).^[50](#CIT0050)^

Western blot analysis {#S0004-S2002}
---------------------

Whole cell extracts of UC cell line cells were prepared using RIPA buffer containing protease and phosphatase inhibitors (CST). Proteins were separated by SDS gel electrophoresis, transferred onto PSQ membrane (Pall Life Sciences) and subjected to Western blot analysis using antibodies specific to PD-L1 (E1L3N® XP® rabbit mAb, CST, dilution 1:1,000, which binds to an intracellular epitope of the transmembrane protein), EpCAM (VU-1D9 mouse mAb, Novocastra, dilution 1:1,000), pan-keratins (AE1/AE3 mouse mAb, Merck Millipore, dilution each 1:50,000), vimentin (V9 mouse mAb, Santa Cruz Biotechnology, dilution 1:1,000) and HSC70 (B-6 mouse mAb, Santa Cruz Biotechnology, dilution 1:500,000).

Flow cytometry {#S0004-S2003}
--------------

Tumor cell line cells were fixed in 4% formaldehyde, permeabilized by 90% (v/v) methanol on ice and incubated with the anti-PD-L1-antibody (E1L3N® XP® rabbit mAb, AF488/PE conjugate, CST, dilution 1:50) or an isotype control (DA1E rabbit mAb, AF488/PE conjugate, CST, dilution 1:50) for 1 h at room temperature (RT). PD-L1 expression of the cells was analyzed on FACSCanto II flow cytometer (BD Biosciences) by the acquisition of 10,000 events per sample and determination of the mean fluorescence intensity (MFI). To exclude cellular debris and cell doublets from analysis, events were gated by a forward and a side scatter.

Immunofluorescence (IF) {#S0004-S2004}
-----------------------

For IF assays either cultured UC cell line cells alone or PBMCs from healthy donors spiked with UC cell line cells after ficoll density gradient centrifugation were spun onto glass slides. Cells were fixed in 4% (v/v) paraformaldehyde and permeabilized in 0.1% (v/v) Tween® 20 in PBS. For slides from spiked blood samples, additional blocking of unspecific binding was performed with 10% (v/v) AB-serum (Bio-Rad Laboratories). Subsequently, the cells were incubated with the anti-PD-L1-antibody (E1L3N® XP® rabbit mAb, PE conjugate, CST, dilution 1:200) for 45 min at RT. To identify spiked tumor cells in the background of blood cells, the cells were simultaneously incubated with the anti-pan-keratin-antibodies (AE1/AE3 mouse mAb, AF488 conjugate, eBioscience, dilution 1:500; and C11 mouse mAb, AF488 conjugate, CST, dilution 1:200) and with the anti-CD45-antibody (REA747 human mAb, APC conjugate, MACS Miltenyi Biotec, dilution 1:200) for 45 min at RT. Nuclei were stained using DAPI (Carl Roth, dilution 1:1.000).

To test whether the diagnostic anti-PD-L1 antibody E1L3N® can still bind after incubation of the cells with a therapeutic anti-PD-L1 antibody commonly used to treat UC patients, PD-L1-positive and PD-L1-negative UC cell line cells were incubated with the humanized anti-PD-L1 antibody atezolizumab (Tecentriq®, Roche, 1.2 µg/mL) at 4°C overnight and detection was performed with the AF488-labeled secondary goat-anti-human IgG (Thermo Fisher Scientific, dilution 1:400) for 45 min at RT.

Binding of atezolizumab (1.2 µg/mL, at 4°C overnight) in human blood samples was detected by incubation with an anti-atezolizumab antibody (6B12 mouse mAb, GenScript, 5 µg/mL) for 60 min and subsequently with an AF546-labeled secondary goat-anti-mouse IgG (Thermo Fisher Scientific, dilution 1:200) for 45 min at RT. Mouse IgG (MOPC mouse mAb, dilution 1:500) was used as isotype control to anti-atezolizumab antibody. Subsequently, reagents of the CellSearch® CXC kit for immunostaining of keratins and CD45 and visualization of nuclei were manually applied in equal parts for 30 min at RT.

Fluorescence was evaluated with an Axioplan 2 imaging microscope connected to an AxioCam camera (Carl Zeiss).

Processing of clinical samples {#S0004-S2005}
------------------------------

Between June 2015 and March 2019, 49 patients with locally advanced or metastatic UC who were treated at the University Medical Center in Hamburg, Germany, were enrolled in this study, which was approved by the ethical commission of the 'Hamburger Ärztekammer' (PV3779, PV5392). All patients gave their written informed consent for the participation in this study. The cohort was not selected according to disease stage, therapeutic regimen or line of treatment. Instead, samples were taken randomly throughout palliative systemic treatment. From most patients, blood was collected in two CellSave® tubes (Menarini) à 7.5 mL, containing a specific fixative, and processed within 96 h. For eight patients, a second sample could be obtained during the follow-up period. CTC enumeration was performed with the CellSearch® system (Menarini) using either the CTC kit or CXC kit (Suppl. Figure 7). Briefly, after EpCAM-based immunomagnetic enrichment and automatic immunofluorescence staining, cells were automatically scanned and round to oval, nucleated, keratin-positive, CD45-negative cells with a diameter of at least 4 µm were identified as CTCs by experienced observers. The pan-keratin antibody used for CTC detection was either conjugated to PE (CTC kit) or FLU (CXC kit).

To perform experiments with spiked cell line cells, peripheral blood from healthy blood donors was collected by the Institute of Transfusion Medicine, University Medical Center Hamburg-Eppendorf, Hamburg, Germany. Only residual amounts of anonymous blood samples have been used which are routinely taken from all healthy blood donors and would have been discarded otherwise. All blood donors gave their general written consent to the use of their blood samples for scientific studies in an anonymized form. The anonymous use of this material is in compliance with a vote by the ethics committee of the German medical association.

Determination of PD-L1 expression of CTCs {#S0004-S2006}
-----------------------------------------

Blood samples (n = 16) from 14 patients were further analyzed for PD-L1 expression on CTCs using the free fourth channel (PE) available for the CellSearch® CXC kit (Menarini). According to the protocol established in this study, the anti-PD-L1-antibody (E1L3N® XP® rabbit mAb, PE conjugate, Cell Signaling Technology \[CST\]) was diluted in Antibody Diluent (DAKO Cytomation) within Menarini-supplied reagent cups (1:50, final concentration in device 1:237). PD-L1-specific immunofluorescence of CTCs was evaluated after an exposure time of 1.6 sec and categorized into negative (0), weakly positive (1+), moderately (2+) and strongly positive (3+) by comparing to PD-L1 levels of UC cell line cells with previously determined PD-L1 expression.

Determination of vimentin expression of CTCs {#S0004-S2007}
--------------------------------------------

Blood samples from 15 patients were further analyzed for vimentin expression of CTCs using the free fourth channel (FLU) available for the CellSearch® CTC kit (Menarini). Eight of them were analyzed for CTC-PD-L1 expression in parallel. The anti-vimentin-antibody (V9 mouse mAb, AF488 conjugate, 200 µg/mL, Santa Cruz Biotechnology) was diluted 1:50 (final concentration in device 1:237) in Antibody Diluent (DAKO Cytomation) in Menarini-supplied reagent cups. The exposure time of CellSearch® cartridges for the detection of vimentin-specific immunofluorescence was 0.8 sec.

Statistical analyses {#S0004-S2008}
--------------------

Clinical outcome of UC patients was compared according to disease status (locally advanced, LN-positive, distant metastasis), CTC-positivity (≥1 CTC, \>1 CTCs and ≥5 CTCs) and presence of PD-L1-positive CTCs (≥1 CTC) by non-parametric Kaplan-Meier estimates of the survival function and by Log Rank (Mantel-Cox) test. All blood samples (first and follow-up samples) tested by the respective assays were included into the analyses. Overall survival (OS) was defined as the time span between the collection of blood and death by any cause. Statistical calculations were performed using the IBM SPSS Statistics 24 program. *P* values \<.05 were considered statistically significant.

Abbreviations {#S0005}
=============
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[^1]: \* derived from 34 patients.
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